Objective: The aim of the study was to evaluate the operative and functional results after individual, patient-tailored aortic root repair in marfanoid patients.
Results:
The repair was adjusted to the existing aortic annulus diameter. Replacement of 1, 2, or 3 sinuses of Valsalva was performed in 1, 14, and 27 patients, respectively. Concomitant cusp repair was performed in 17 patients (40.5%), and 10 patients (23.8%) underwent arch repair (total in 3). All patients survived surgery, and the follow-up (mean, 6.1 AE 3.1; range, 0.8-14.2 years) was 100% complete. No patient had a change in the form or size of the aortic neo-root, especially the size of aortic annulus and sinotubular junction during the follow-up time. No and trivial/mild insufficiency were present in 22 and 18 patients, respectively, and 2 patients with recurrent aortic insufficiency caused by cusp pathology underwent aortic valve replacement 43 and 66 months after the primary surgery, respectively. Thus, the estimated survival free from aortic valve/root reoperation for any reason at 5 and 8 years was 96.8% AE 3.2% and 91.4% AE 6.0%, respectively.
Conclusions: Patient-tailored root repair using isolated sinus replacement is an effective and durable method of valve-sparing repair in select marfanoid patients with a satisfactory quality of aortic cusps, which seems to be decisive for long-term valve function. (J Thorac Cardiovasc Surg 2018;155:43-51)
Restoration of individual root anatomy by isolated replacement of sinuses of Valsalva.
Central Message
Aortic root repair should respect the patient's individual anatomy, especially in those with a competent aortic valve.
Perspective
Because of the enormous diversity of aortic root and valve pathologies in patients with Marfan syndrome, several approaches, besides a complete root replacement, can be applicable. Among the root repair techniques, even a limited repair can be considered in selected, older patients with a clear root asymmetry if it leads to achievement of physiologic valve function, which is the utmost aim of reconstructive surgery.
See Editorial Commentary page 52.
The manifestation of pathologic changes in patients with Marfan syndrome and their severity in particular systems (cardiovascular, skeletal, and ocular) can vary considerably, leading to different clinical presentations. 1, 2 Commonly, all dimensions of the aortic root are increased and exceed the values considered normal; however, the proportions between the root and cusp sizes frequently remain normal and, consequently, the physiologic valve function ( Figure 1) . A recent report of pediatric patients who received valve-sparing root repair (VSRR) because of a large aortic root showed that there was no preoperative aortic insufficiency in 68%.
3 Nevertheless, such a condition, if untreated, results in an increased risk of lifethreatening complications; therefore, surgical root repair is recommended, even if the valve is competent. 4 Thus, any change of anatomy of a large but ideally functioning aortic root (demonstrated in Figure 1 ) can result in alteration of the anatomic proportions and, consequently, the physiologic function. Our individual, patient-tailored approach strives for a replacement of the sinuses' native tissue, leaving the proper anatomy unchanged or for correction of the anatomy if it is already pathologically altered ( Figure 2 ). To achieve this target, for VSRR, we routinely use our own modified remodeling technique with isolated sinus replacement described by us originally as the patch technique. 5 To assess the suitability of this technique in marfanoid pathology, we evaluated the operative and functional results after applying the method in 42 adult patients fulfilling the original Ghent criteria.
PATIENTS AND METHODS
Among 518 patients who underwent operation between 2002 and January 2016, using patient-tailored aortic root remodeling with isolated sinus replacement, were 42 marfanoid patients (8.1%). All patients fulfilled the original Ghent criteria, and the histopathologic examinations of their aortic wall (performed in an independent institution) showed focal fragmentation of the elastic lamellae consistent with the Marfan syndrome. Genetic examinations were performed in only 3 cases, confirming the Marfan syndrome diagnosis. The patients' age averaged 43 years (range, 19-68 years), and most patients were male (71.4%). The group included 3 pairs of relatives and 4 patients who underwent operation on an emergency basis because of acute aortic dissection. None/trivial, mild, moderate, and severe insufficiency grades were present in 5, 16, 10, and 11 patients, respectively. The grading of aortic insufficiency in the preoperative echocardiograms (and in all examinations performed before discharge) was provided in accordance to recommendations of the European Association of Echocardiography. 6 Aortic diagnostics were based on computed tomography angiography in all patients, which was completed by coronary artery visualization through heart catheterization or cardiac computed tomography. During surgery, transesophageal echocardiography was performed to assess the anatomy and function of the aortic root and valve. The average aortic annulus diameter, root diameter, and Z-score were 29.3 AE 2.6 mm, 52.5 AE 6.1 mm, and 7.2 AE 2.0, respectively. The detailed patient characteristics are shown in Table 1 .
Surgical Technique
Aortic root remodeling with restoration of the individual aortic root anatomy using isolated sinus repair performed on the basis of wellreproducible measurement of the aortic annulus has been described. 5, 7, 8 The choice of proper size of vascular tube is based on the size of aortic annulus, which is determined by echocardiography and intraoperative measurement with a valve sizer. Because the passing of the annulus is not possible in septal hypertrophy or bicuspid valves, the sizer is only placed above the valve, and the appropriate size is judged visually. The determination of the proper size of neosinuses is easier when they are cut out from the chosen vascular tube rather than from a sheet of straight Dacron because the sum of the neosinuses' widths has to be equal to the circumference of the graft (Figure 3 ). Because the cusps are not always symmetrical, the single patches with a size matching the size of the respective cusps are cut from the tube. We assess the size of particular cusps visually, but it is certainly possible to measure their free margin more exactly, if desired. Creating the patches from the uncrimped part of the vascular graft available from size 24 to 34 mm (InterGard Woven Aortic Thoracic Graft; InterVascular, MAQUET Cardiovascular, La Ciotat, France), as described in detail, 7 makes the determination of proper size and shape easier and eliminates potential bleeding between the folds of Dacron, which occurred occasionally when crimped tubes were used. Generally, moderately pronounced pseudo-sinus bulges can be achieved by trimming teardropshaped patches, which are cut from a tube corresponding with the annulus size (!1-2 mm). This form alone ensures the moderate convexity of pseudo-sinuses, which results from suturing the curved edge of the patches to the aortic annulus and distal narrowing at the anastomosis with the tube. 7 However, patients with a connective tissue disorder (eg, patients with Marfan) frequently present with increased aortic valve dimensions, large annulus, and correspondingly large, wide-opening aortic valve cusps. 8, 9 In those patients, a more pronounced pseudo-sinus bulge is reasonable and can be achieved by cutting slightly oversized patches from a tube that is 4 to 5 mm larger than the annulus. After trimming them to a teardrop shape, the neosinuses are plicated at their curved edges with 3 stitches, each approximately 4 to 5 mm wide, using 5-0 polypropylene sutures. These 3 stitches reduce the pseudo-sinus curved edge by approximately 10% to 15% to the proper length corresponding to the patient's annulus and, at the same time, create a more distinct bulge ( Figure 3 ). Alternatively, or in patients with aortic root exceeding the diameter of 4 cm, the neosinuses can be cut from the commercially available bulged root graft (CardioRoot Aortic Root Graft, InterVascular, MAQUET Cardiovascular, La Ciotat, France) offering the biggest neo-root diameter of 42 mm ( Figure 3 ). 
Abbreviation and Acronym
VSRR ¼ valve-sparing root repair
The pathologic sinuses of Valsalva are excised leaving a minimal rim of aortic wall attached to the aortic valve, and coronary ostia are cut from the aortic wall with small buttons (Carell patches). The neosinuses are sewn to the aortic annulus with a 5-0 polypropylene running suture passing the stitches exactly through the aortic annulus rather than the rim of the remaining aortic wall (Video 1). The coronary buttons are reimplanted into the coronary neosinuses in the usual matter.
In the presented cohort, a replacement of 1, 2, or 3 sinuses of Valsalva was performed in 1, 14, and 27 patients, respectively. Because the cause of preoperative aortic insufficiency in patients presenting with almost normal proportions of the aortic root was mostly cusp rather than root related, the repair was consequently performed using root and cusp repair (bottom rows in Figures 2 and 4 ). In total, additional procedures on the cusps, such as free margin plication (10), cusp patch plasty (4), or both (3), were performed in 17 patients (40.5%).
In 1 patient, acute dissection occurred during aortic cannulation, and this patient received hemiarch replacement under deep hypothermia. In 9 patients, a planned arch repair (total in 3) was performed using mild hypothermia and unilateral cerebral perfusion. Operative data including the extent of aortic surgery and concomitant procedures are shown in Table 2 . Figure 4 ). Notice that sufficient coaptation height was achieved by cusp rather than root repair.
Informed consent was obtained from all patients, and all perioperative data were collected prospectively; however, an institutional review board approval has been waived for this study because of the retrospective and completely anonymous character of the analysis. Categoric variables were expressed in the tables and text as frequency (percentage) and continuous variables as mean AE standard deviation (range). Early mortality was considered for the postoperative time of 30 and 90 days, as well as for in-hospital stay. In all patients, a beta-blocker or losartan agents were given postoperatively. The patients were followed up annually in our outpatient clinic or by their cardiologist, from whom written documents and images, if available, were requested and reviewed. The last follow-up was completed within 6 months before report. Freedom of aortic valve replacement was estimated by the Kaplan-Meier method.
RESULTS

Early Mortality and Morbidity
All patients survived the surgery and the 30-day, 90-day, and in-hospital mortality was 0. No permanent neurologic deficit or temporary dysfunctions, such as confusion, delirium, or agitation, were observed, nor was temporary dialysis needed in any patient. One patient required a rethoracotomy due to bleeding; however, there were 4 cases (9.5%) of pericardial effusion treated by a subxiphoid puncture. The most frequent postoperative complication, which occurred in 12 patients (28.6%), was temporary atrial fibrillation.
Survival, Valve-Related Morbidity, and Reoperations
The follow-up (mean, 6.1 AE 3.1; range, 0.8-14.2 years) was 100% complete for both clinical and echocardiographic information. Only 1 patient (male, 33 years) with previously known alcohol-toxic cardiomyopathy and severely impaired left ventricular function died (suddenly, 10 months after surgery) despite the faultlessly functioning aortic valve.
Valve-related events, such as endocarditis, embolism, or bleeding, were not reported even though 14 patients were given anticoagulants (Coumadin in 4 and Aspirin in 10). Two patients underwent aortic valve replacement and are described next (''Functional Data'') in detail.
One patient had acute type B aortic dissection 7 years after surgery and has been treated conservatively. Two additional patients who underwent operation for acute type A dissection required several distal aortic and vascular repairs but presented with unchanged aortic root dimensions and excellently functioning valves after 7 and 14 years, respectively, although in both cases only 2 sinuses had been replaced.
Functional Data
The repair resulted in anatomic restoration of the aortic root and creation of a new sinotubular junction with a mean diameter of 30.5 AE 2.6 mm, which corresponded perfectly to the aortic annulus size regardless of the number of sinuses replaced (Figure 4) .
The echocardiography performed before discharge showed excellent valve function with no/trivial insufficiency in 38 patients and mild insufficiency in 4 patients, and a mean transvalvular gradient of 3.2 AE 1.1 mm Hg.
Two patients underwent aortic valve replacement 43 and 66 months after primary surgery, respectively. One patient (male) underwent aortic root repair with replacement of all 3 sinuses and mitral valve repair at age 34 years. At the time of primary surgery, the valve had functioned well, but all cusps were thin and fenestrated leading over the time to a relevant cusp-related (prolapse) aortic regurgitation. Another patient (female) underwent root repair (replacement of noncoronary and right coronary sinuses), shaving of thickened free margins of all cusps, and pericardial plasty of a noncoronary cusp at the age of 61 years. She developed severe mitral insufficiency and underwent double valve replacement because at the time of surgery, the aortic valve already presented with considerable changes and moderate regurgitation.
The majority of follow-up echocardiograms were obtained by patients' home cardiologists who mostly used 5 grades for assessment of aortic insufficiency (0-4þ). Accordingly, in the last echocardiography available, no and trivial/mild insufficiency was present in 22 and 18 patients, respectively. However, no patient revealed equal to or more than a moderate insufficiency (2þ), and no changes in the form or size of the aortic neo-root were reported ( Figure 5) . Accordingly, the rate of aortic valve/root reoperation was the same as the occurrence of recurrent, relevant (moderate or more) aortic insufficiency. The estimated survival free from aortic valve/root reoperation for any reason at 5 and 8 years was 96.8% AE 3.2% and 91.4% AE 6.0%, respectively ( Figure E1 ).
DISCUSSION
The concern about VSRR mainly pertains to a postoperative occurrence of the valve malfunction, even though the repairs, when compared with root replacement cohorts, are performed in selected patients with lower rates of emergencies, previous surgeries, and, especially, valve insufficiencies. [10] [11] [12] [13] For root repair in patients with Marfan, some of the current guidelines recommend, even if based only on level C of evidence, the reimplantation technique regardless of the root morphology (asymmetry) and patient's age. 4 However, some reports demonstrated that the long-term results in patients with Marfan syndrome undergoing several cardiac and even aortic surgeries because of acute dissection were not adversely affected when they did not receive a complete root replacement but just a supracoronary ascending replacement. 14, 15 This was exactly the same experience we made, and this encouraged us to perform a limited root repair in selected marfanoid patients with clear root asymmetry or in acute dissections with unchanged root anatomy ( Figure 1 ) and undissected sinus, especially in patients after their fifth decade of life. Yet, we still replaced all 3 sinuses in elective patients aged less than 40 years.
The fact that the pathologic changes are not equally distributed in the aortic wall apparently are reflected in the different heights of particular commissures and root asymmetry, 16, 17 making an individual, patient-tailored approach reasonable. However, we do not consider the original remodeling technique as a suitable surgical option in syndromic patients. In the original remodeling method, the vascular tube is trimmed to a crown-shaped form and the tongue-shaped ends of the tube replace the native sinuses. Yet, it is hardly possible to sew the tongues (especially the second and third) to the aortic annulus so exactly that each stitch passes through the annulus rather than the aortic wall remnants. The same certainly goes for grafts with prefabricated bulges, such as Zehr and colleagues' graft, 18 which also disregards the individual patient's anatomy because the heights of all commissures and even the size of neosinuses are preset irrespectively to the true heights of the native commissures and the size of the particular valve cusps. The fact that after the original aortic root remodeling a dilatation of neosinuses had been observed, and not just the aortic valve but complete root replacements had to be performed, seems to substantiate our VIDEO 1. The most important steps of the technique are presented in a nonsyndromic patient with root asymmetry, in whom replacement of 2 sinuses is performed; however, the same principles of measurement, graft choice, and surgical technique are always applied, regardless of the cause or number of sinuses being replaced. On the basis of echocardiography and intraoperative visual judgment, the aortic annulus is approximately 25 mm. The distance between the commissures in the unchanged left coronary sinus (black yarn) is approximately 26 mm, and it matched well with the diameter of the annulus. On the basis of the annulus size (25 mm), a vascular tube with a diameter of 28 mm is chosen. The dilated right and noncoronary sinuses of Valsalva are excised, leaving only 2 to 3 mm of the aortic wall rim attached to the valve. In this case, the aortic cusps have the same size; therefore, 3 equal patches are separated from the tube. Two patches are used for preparation of the neosinuses. After trimming them to a slight teardrop shape, the neosinuses are plicated at their curved edges with 3 stitches, each approximately 4 to 5 mm wide, using 5-0 Prolene sutures. The pseudo-sinuses are sutured to the aortic annulus with a 5-0 Prolene running suture beginning at the nadir of the sinus and continuing toward the commissures. Isolated sinus replacement enables exact passing of stitches through the aortic annulus rather than the rim of the remaining aortic wall, which is equally manageable for the first and the second and third neosinuses. For further details, see text. Video available at: http://www.jtcvsonline.org/article/S0022-5223(17)31195-9/ addons.
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The Journal of Thoracic and Cardiovascular Surgery c Volume 155, Number 1 47 assumption that the suture lines were not stable enough. 19, 20 In contrast, the isolated sinus replacement enables precise sewing, passing the stitches exactly through the annulus rather than the aortic wall remnants (Video 1), a characteristic that, in our opinion, is decisive for hemostatic tightness and lasting durability. Thus, after using this technique for more than 15 years, we have not observed an adverse change of the aortic root size or form, not only in this series but also in the entire cohort, which with more than 550 patients (March 2017) is one of the largest 1-center VSRR experiences worldwide. Because several earlier reports demonstrated that the rate of postoperative insufficiency was higher after aortic root remodeling than after the valve reimplantation technique, the latter is considered as the preferred VSRR method in syndromic patients. 4, 11, 12, [20] [21] [22] Yet, the reimplantation technique is not a general remedy for durable outcomes. The convincing long-term results achieved by the most experienced surgeons do not seem to be easily reproducible in multicenter cohorts. 12, 22 The pathologic conditions, which can be treated by VSRR, require a profound understanding of underlying pathophysiologic changes and extended surgical experience, but at the same time, they are seldom in the daily cardiosurgical practice. The recent multicenter article revealed that the rate of VSRR in a cardiosurgical center performing approximately 1000 surgeries per year is approximately 1%. The number of VSRRs performed by singular surgeons remains unclear, but in many cases, it is apparently irrelevant. The article also demonstrated that even if 52% of patients had no insufficiency before surgery, a 29% rate of any aortic regurgitation was observed after leaving the operating room. Moreover, the freedom of aortic valve reoperation at 8 years was 89% in patients with any degree of preoperative aortic insufficiency and even 84% in those with no insufficiency at all. 23 Another multicenter analysis of patients with Marfan syndrome demonstrated a 7% rate of at least moderate (!2þ) aortic regurgitation 1 year after VSRR with the reimplantation technique, in which the annulus is always supported and all sinuses are replaced. 12 Apparently, these results do not support the thesis that a large annulus dilates continuously, and its narrowing or stabilization is an essential aspect of the repair. Vriz and colleagues 24 demonstrated that it is the annulus diameter itself, among all aortic root and valve dimensions, that does not considerably change over time if the valve is not insufficient. 24 In patients with Marfan, the over-dimensional sizes of the root with an annulus diameter of approximately 28 to 30 mm develop during adolescence, and in many of them, the proportions between the cusps and the root and, consequently, the valve function remain physiologic. 3 We have never seen growth of the annulus in adult patients with Marfan syndrome and a competent aortic valve, and to the best of our knowledge, no such case has been documented. Therefore, achievement of a competent aortic valve is the most important aim of reconstructive surgery and the best guarantee that the annulus will not dilate secondarily. Yet, if the repair is based on annulus narrowing to draw the restrictive cusps closer together but not sufficiently stabilized by an external support, the annulus shows a strong tendency to return to its previous size regardless of underlying pathology. 25 In contrast, our strategy is not to narrow the annulus but to rebuild the physiologic function by restoring the proper aortic root and valve proportions, which frequently are impaired by cusp pathology. 8 We agree that in patients with a new or residual aortic insufficiency, the secondary dilatation of an unsupported annulus will be more pronounced than in a supported one, leading in this patient group to the delay in occurrence of symptoms and hemodynamic impairments and seemingly better repair results.
Study Limitations
There are some important limitations that are characteristic for many VSRR reports in those with Marfan syndrome, and our report is no exception. It is obvious that the aortic root and valve cannot be repaired in all patients with Marfan syndrome because there is enormous diversity of aortic root and valve pathologies, with cusp involvement as the most limiting factor of repair. For this reason, all series reporting VSRR in Marfan syndrome, including this one, are biased by patient selection and are not comparable. Because our institution does not operate on children (because it is regulated by the health insurance system in Germany for clinics without integrated pediatric departments), the series does not include patients aged less than 18 years, and therefore the average age of the patients is relatively high; however, the rate of older patients is comparable to that in most other reports. Also, the use of diagnostic criteria (original Ghent criteria), the number of cases, and the duration of observations are similar to the most 1-center reports about VSRR in patients with Marfan syndrome. 12, [19] [20] [21] [22] Our patients were recruited over 15 years, and to keep the homogeneity of our cohort, we kept the original criteria throughout the study period, but, to be fair, we defined the study patients as marfanoid. Nevertheless, future analyses of VSRR in patients in whom the diagnosis of Marfan syndrome is confirmed by genetic testing would be more instructive, even if some results demonstrated that the functional outcomes after VSRRs in syndromic and nonsyndromic patients do not differ relevantly and mainly depend on other factors, for example, concomitant cusp pathology. 8, 13 Even if complete aortic root replacement is a well-recognized and reproducible standard for several aortic pathologies, a VSRR should be considered a suitable option in selected patients with Marfan syndrome, at least in those patients, who despite large root dimensions do not present any aortic insufficiency. Replacement of the native tissue leaving the proper anatomy unchanged seems to be an important factor to avoid an impairment of aortic valve function.
Aortic remodeling using isolated sinus repair enables anatomic restoration of the root, even if this concept may seem counterintuitive to some surgeons, because the retained nondilated sinus can contain abnormal histologic composition. Yet, in our experience, this concern is unwarranted because it is the cusp involvement that represents the critical factor in predicting the late valve malfunction. 8 It is also the cusp involvement that mainly affects the recognition of underlying pathophysiology and, consequently, reproducibility of a particular procedure. In our entire experience, we did not observe a learning curve, but we have to admit that during this time we did introduce a few surgical modifications, such as the described plication and reduction of the annular edge of the patches resulting in the bulged form of neosinuses.
CONCLUSIONS
The modified remodeling technique, as presented in this article, can be an effective, durable, and justifiable method of VSRR in selected patients with Marfan syndrome; however, additional repairs of the aortic cusps are frequently necessary and seem to be decisive for longterm valve function.
Conflict of Interest Statement P.P.U. is a consultant to and has a financial relationship with MAQUET Cardiovascular, Inc. All other authors have nothing to disclose with regard to commercial support.
